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The ﬂexural damping of wire cable due to the ﬂexural hysteresis inﬂuences the dynamic behavior of slacking wire cables
signiﬁcantly. However, the details of the local model, accounting for the ﬂexural hysteresis between the wire strands, are
quite challenging to include in large-scale engineering applications. This paper addresses these diﬃculties by modeling the
ﬂexural damping of slacking wire cables using homogenized Rayleigh damping. By using the nonlinear ﬁnite element
method and high-speed imaging technique, three aspects of the work were examined. First, the mechanical properties
of the slacking cable were identiﬁed experimentally. Second, a sample cable was ﬁxed at one end and allowed to vibrate
freely at the other end. The shapes of the vibrating cable were captured by a high-speed digital camera and processed by
photogrammetry. The cable demonstrated a high ﬂexural damping at zero tension and its damping was measured to be as
high as 37.7% of the critical damping. Third, the cable was modeled and analyzed using our newly developed nonlinear
curved beam element with the Rayleigh damping. The ﬁnite element predictions of the cable motion agree well with the
experimental measurement. These predictions demonstrate that the new element is capable of describing the dynamic
response of the cable and that the Rayleigh damping is suﬃcient to model the ﬂexural damping of slacking wire cables.
 2006 Elsevier Ltd. All rights reserved.
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In this article, we model and quantify the dynamic behavior and ﬂexural damping of slacking wire
cables. Our focus is in cases involving systems such as the wire cable isolator/damper, the messenger
cables in the stockbridge damper, and a slacking cable under dynamic loadings. Fig. 1 shows a typical
helical wire rope isolator/damper and a stockbridge damper. Fig. 2 shows the construction of the strands
as well as the cross-section of wire cable used in these dampers. In these cases, the dynamic energy is dis-
sipated by bending the wire cables at zero or low cable tension state, where the ﬂexural hysteresis eﬀect0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.12.024
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Fig. 1. (a) Typical helical wire isolator/damper and (b) typical stockbridge damper.
Fig. 2. A schematic of strands construction and rope cross-section, after Elata et al. (2004).
Z.H. Zhu, S.A. Meguid / International Journal of Solids and Structures 44 (2007) 5122–5132 5123becomes prevalent (Ramberg and Griﬃn, 1977). The cable’s ﬂexural hysteresis is usually caused by the
rubbing and sliding frictional force between the wires and strands of the wire cable(s). This phenomenon
is attributed to the change in behavior in these slacking cables from being membrane dominant state to
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damping. A comprehensive body of knowledge exists in dealing with the dynamic behavior of the wire
cable, ranging from detailed local to homogenized global approaches. Detailed reviews of the subject
can be found in the works of Fang and Lyons (1996), Elata et al. (2004), Sauter (2003), and Raoof
and Davies (2006). In the detailed local approaches, the wires or the strands are modeled as thin helical
rods (Machida and Durelli, 1973; Costello and Phillips, 1976) using Love’s (1944) curved rod theory. Then
the global relationships between the deformation of the cable and the resultant axial force and bending/
torsional moments are established accordingly. The interwire and/or inter-strand frictional forces are con-
sidered by using contact mechanics to account for the stick and slip friction transition over the individual
contact patches (Ramsey, 1990; Leech et al., 1993). Analytical (Raoof and Davies, 2006) and ﬁnite element
(Jiang et al., 1999) methods have also been used to calculate the cable’s overall mechanical properties such
as axial, bending and torsional stiﬀness, and hysteresis characteristics. Unfortunately, depending on the
accuracy of each model, it inevitably leads to a complex mathematical problem that becomes unsuitable
for large-scale engineering applications. Nevertheless, most of the detailed wire cable models have primar-
ily been developed for static monotonic loading. Under dynamic or cyclic loads, especially dynamic bend-
ing loads with low or zero tension, the detailed local models tend to grossly overestimate cable damping
for cables with large radii of curvature (Raoof and Huang, 1991). To overcome the diﬃculties associated
with the detailed local approaches, many homogenized global attempts (Gutzer et al., 1995; Papailiou,
1997) have been proposed over the years to develop a more realistic and practical model for slacking
cables subjected to dynamic bending loads. Gutzer et al. (1995) modeled the stranded steel cables by
adopting a Masing model (Chernyak and Gavrilov, 1968) that was originally developed for one-dimen-
sional cyclically stabilized hysteretic behavior. The Masing model consists of one or more parallel Jenkin
(1922) sub-models that are made of a spring and viscous damping models in series. To model the ﬂexural
hysteresis of the slacking wire cables, Sauter and Hagedorn (2002) further developed a hybrid approach by
using the distributed Masing model together with the beam theory. The model accounts the interwire and/
or inter-strand frictional force by selecting appropriate numbers of Jenkin sub-model used in the Masing
model and varying the bending stiﬀness which is the function of the inherent tension, curvature and his-
tory of deformation (Ibrahimbegovic and Mikdad, 1998). It is assumed that the wires in the stranded
cable remain in stick state, if the tension force in the wires due to the cable bending is less than the max-
imum frictional force on the wire. Otherwise, slippage of wires occurs. Accordingly, the bending moment
in the stick region is calculated with the Bernoulli–Euler beam theory, while in the slip region it is calcu-
lated based on the axial force in each wire governed by the interwire and/or inter-strand frictional force.
This model exhibits a highly nonlinear behavior and becomes cumbersome and impractical for large-scale
engineering applications. To overcome these diﬃculties, Papailiou (1997) used a variable bending stiﬀness,
without introducing the damping term, to account for friction and slippage that occurs between wires in
the neighboring wires or strands when the cable is bent. This simpliﬁcation, such as elimination of the
Masing model, lends the model acceptability in dealing with practical engineering problems (Knapp
and Liu, 2005). However, the high material nonlinear characteristics caused by varying the bending stiﬀ-
ness along the cable makes this model very diﬃcult to implement in the ﬁnite element method in spite of
the recent eﬀorts (Dastous, 2005).
To model the ﬂexural damping of slacking wire cables accurately and eﬀectively in the large-scale engineer-
ing problem, it is desirable to include the eﬀect of ﬂexural damping into the ﬁnite element method using a
homogenized approach. One of the eﬀective ways in the dynamic ﬁnite element method to treat the damping
is to use an equivalent Rayleigh damping in the form of½C ¼ a½M þ b½K ð1Þ
where [C] is the damping matrix of the cable, [M] the mass matrix of the cable, [K] the stiﬀness matrix of
the cable, a and b are the Rayleigh damping coeﬃcients related to the modal damping and frequency of
the cable, respectively. However, the authors are unaware of any work that reports the application of the
Rayleigh damping in modeling the ﬂexural damping of slacking wire cable(s). It is, therefore, the objective
of the current paper to model the ﬂexural damping of wire cables by the Rayleigh damping using the
ﬁnite element method.
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In this investigation, we will model the slacking wire cable as a one-dimensional member using our newly
developed nonlinear curved beam element (Zhu and Meguid, 2006a) in order to eliminate the singularity prob-
lem suﬀered by the classic cable theory. The slacking cables or the wire cables in a shock absorber are usually
curved and they should be best modeled by the curved beam element with large displacement and rotation
(Zhu and Meguid, 2006b). Fig. 3 shows the geometry and coordinate system for the curved beam element used
in the three-dimensional space. The incremental translational and rotational displacements of the neutral axis
Dui and Dhi (i = 1,2,3) are shown in the convected curvilinear coordinate system in their positive directions.
The incremental Green–Lagrange strain vector consists of membrane and torsional shear strains as well as
curvature are given byDe ¼ De x1ðDx2  2jDeÞ þ x2Dx1; x2Dg; x1Dgf gT ð2Þ
where De, Dx1, Dx2, and Dg are the incremental membrane strain and the curvature rates of the neutral axis.
They can be expressed in terms of the displacements of the neutral axis,De ¼ Du3;3  jDu1þ 1
2
ðDu1;3 þ jDu1Þ2 þ ðDu2;3Þ2 þ ðDu3;3  jDu1Þ2
h i
ð3aÞ
Dx1 ¼ Du2;33 þ jDh3þDh3ðDu1;33 þ 2jDu3;3  j2Du1Þ þ Du2;3ðDu3;33  2jDu1;3  j2Du3Þ ð3bÞ
Dx2 ¼ Du1;33 þ jDu3;3þDh3Du2;33  ðDu1;3 þ jDu3ÞðDu3;33  2jDu1;3  j2Du3Þ ð3cÞ
Dg ¼ Dh3;3 þ jDu2;3þjDh3ðDu1;3 þ jDu3Þ þ Du2;3ðDu1;33 þ jDu3;3Þ ð3dÞThe underlined terms in the above expressions are the nonlinear parts of the incremental membrane strain and
the curvature rates of the neutral axis due to the large displacements and rotations.
Assume the displacement interpolations for the three-noded curved beam element can be written asDu1 ¼ a0 þ a1x3 þ a2x23 þ a3x33 þ a4x43 þ a5x53 ð4aÞ
Du2 ¼ b0 þ b1x3 þ b2x23 þ b3x33 þ b4x43 þ b5x53 ð4bÞ
Du3 ¼ a6 þ a7x3 þ a8x23 þ
j
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where ai and bi are the coeﬃcients of the interpolation functions, and j is the curvature of the curved beam
element, respectively.X1
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Fig. 3. Three-dimensional curved beam element in curvilinear coordinates.
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tensible bending condition can be written as,De ¼ a7  ja0 þ ð2a8  ja1Þx3  0 ð5Þ
Eq. (5) shows that there are no spurious terms and the proposed curved beam element is free from membrane
locking, which is essential for the convergence of the curved beam element (Stolarski and Belytschko, 1981;
Prathap and Bhashyam, 1982).
Using Eq. (2), we can write the incremental principle of virtual work in the Updated Lagrangian description
as Z
L
EADedDeþ
X2
i¼1
EIiDxidDxi þ GJDgdDg
 !
dx3 þ
Z
L
TdDeþ
X2
i¼1
MidDxi þM3dDg
 !
dx3
þ
Z
L
q A
X3
i¼1
D€uidDui þ
X2
i¼1
I iD€hidDhi þ JD€h3dDh3
 !
dx3 
Z
L
X3
i¼1
fidDui dx3 ¼ 0 ð6Þwhere T and Mi (i = 1,2,3) are the tension, bending and torsional moments, E and G are Young’s and shear
module, A, Ii (i = 1,2) and J are the area, principal and polar inertia moments of cross section of the beam, q is
the material density, and fi is the distributed force along the beam, respectively.
By substituting Eqs. (3–4) into Eq. (6), we derive the discretized ﬁnite element equation of motion of the
curved beam element, such that,½MfD€ug þ ½CfD _ug þ ½KfDug ¼ fDFg ð7Þ
where [M], [C], and [K] are the mass, damping and stiﬀness matrices, fD€ug; fD _ug; andfDug are the accelera-
tion, velocity and displacement vectors, {DF} is the incremental external load vector, respectively.
The damping matrix [C] can be further expressed in term of the Rayleigh damping shown in Eq. (1) in
which the Rayleigh damping coeﬃcients a and b are related to the modal damping and frequency of the cable
byaþ x2i b ¼ 2nixi ð8Þ
where ni and xi are the ith mode’s modal damping ratio and frequency, respectively.
Eq. (8) indicates that the more samples of the modal damping ratio and frequency, the more accurate esti-
mation of the Rayleigh damping coeﬃcients. However, it is a common practice in engineering application that
we use the lower and upper cutoﬀ frequencies of the cable system and the corresponding modal damping ratios
to deﬁne the values of the Rayleigh damping coeﬃcients, such that,a ¼ 2x1x2ðx2n1  x1n2Þ
x22  x21
; b ¼ 2x2n2  x1n1
x22  x21
ð9Þwhere x and n are the modal frequency and damping ratio and the subscripts ‘1’ and ‘2’ are the lower and
upper bounds of the frequency region in interest, respectively.
3. Experimental investigation
3.1. Mechanical properties of sample wire cable
Experiments were conducted using multiple strand wire cables. The selected test sample was a 6 · 37 IWRC
(independent wire rope core) new steel cable. The mechanical properties of the sample wire cable are obtained
by either calculation in accordance with the industrial speciﬁcation or experimental measurements, respective-
ly. The cable’s nominal diameter was 6.35 mm (0.25 in.). The eﬀective cross-section area or stress area of the
cable was calculated to be 17.92 mm2, as per Oberg et al. (1996) and the linear density of the cable was mea-
sured to be 0.137 kg/m, respectively. The elastic modulus of the wire cable is generally tension-dependent.
Very diverse values of elastic modulus for the steel wire cable have been reported from the experiments in
the literatures (Gibson et al., 1968; Kusy and Dilley, 1984), ranging from 90 to 200 GPa depending on the type
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modulus E and the bending rigidity EI of the wire cable by axial pull and transverse bending tests, respectively,
at the tension level close to our application.
First, the cable was pulled by an INSTRON servo-hydraulic universal material testing facility. The ends of
the cable were clamped rigidly by the ﬂat wedge heads. Because of the relative small cable diameter (6.35 mm)
and low pulling tension (625% of minimum breaking strength), this conﬁguration will not cause the noticeable
slippery between the wires at the clamped ends. The cable tension was measured by the load cell and then con-
verted to axial stress by dividing it with the cable’s stress area. The axial strain of the cable was measured by
either a clip-on extensometer directly or by the displacement sensor indirectly. Fig. 4 shows the measured axial
stress–strain curves of the sample cable, where Fig. 4a shows the repeated loading–unloading curves of the
new cable with displacement control mode while Fig. 4b shows the repeated loading–unloading curves ofRu
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Fig. 4. Stress–strain curves of wire steel cable under repeated loads.
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have shown that (i) the repeated load applications will increase the elastic modulus of the new wire cable,
and (ii) the increased elastic modulus can be lost after repeated bending of the cable at zero tension. This
is because the total elongation of the wire cable under load consists of two parts: the constructional stretch
and the elastic stretch. The elastic stretch will disappear after the removal of the external load while the con-
structional stretch will stay. The constructional stretch of a wire cable is recognized as the minimization of the
clearances between wires through compression of the core and adjustment of the wires and strands to external
tensile load applied on the wire cable (Gibson et al., 1968). The amount of the load, the type of cable construc-
tion, the size of core and the length of cable all aﬀect the constructional stretch. The rule of thumb in industry
is that the constructional stretch may be minimized by repeatedly loading the cable over 60% of its breaking
load. However, the repeated bending of cable at zero tension afterwards will resume the clearances between
the wires as evident in Fig. 4b and eﬀectively reduce the elastic modulus of the cable to its original state.
Hence, one should measure the elastic modulus of the cable at the condition that is similar to its expected
working condition. For the application in the helical wire rope isolator/dampers and the messenger cable
in the stockbridge damper as shown in Fig. 1, the wire cables usually will not be proof loaded to minimize
the constructional stretch since it will be resumed by bending the cable with repeated working load. Therefore,
we should measure the elastic modulus of the sample cable at low or closed to zero cable tension. Fig. 5 shows
the elastic modulus of the cable vs. the strain calculated from Fig. 4. From the test data, the elastic modulus of
the wire cable is calculated as E = 53.0 GPa in the very low tension region for our application.
Second, the cable was ﬁxed at one end and loaded with a transverse force at the free end to measure the
bending rigidity (EI) of the cable. The bending rigidity of the wire cable can be evaluated by measuring the
deﬂection of the free end, EI ¼ PL3
3y0
, where L is the cantilevered length of the cable, P the applied load, y0
the tip deﬂection, and I the moment of inertia of wire cable, respectively.
The geometry of the wire cable before and after the loading was recorded and measured by the imaging
technique shown in Fig. 6. The one end of the cable was rigidly clamped to a bench vise which itself was rigidly
bolted to a heavy steel bench. The cable was bent several times before the measurement was taken. The can-
tilevered length of the cable was L = 300 mm and the applied load at tip was P = 0.76 N. The measured length
of the cable on the image plane was 432 pixels. Thus, the image resolution is 300/432 = 0.694 mm/pixel. The
error margin of the image measurement is ±0.5 pixels. Hence, the accuracy of the experiment measurement is
±0.35 mm, which is suﬃcient. From the experiment, the measured tip deﬂection was y0 = 53.0 mm. Then, the
bending rigidity of the wire cable was estimated as0
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3
3y0
¼ 0:76 300
3
3 53:0 ¼ 430:19 N-mm
2 ð10Þ3.2. Measurement of ﬂexural damping of wire cable
Previous experimental works reveal that the ﬂexural damping is dependant on the cable construction and
tension. For instance, Yu (1952) found that the ﬂexural damping is proportional to the wire numbers in the
stranded cables. Multi-stranded cables provide higher ﬂexural damping capacity than single strand cables.
Ramberg and Griﬃn (1977) founded out that the ﬂexural damping increases as the cable tension reduces
and the diﬀerence of the ﬂexural damping between the slack and taut cables could be as high as an order
of magnitude. Lara-Lopez and Colin-Venegas (2001) reported that the ﬂexural damping ratio was 33.4% of
critical damping for a short cantilevered single strand cable with a mass attached to its free end. Hence, it
is necessary to measure the ﬂexural damping of our multi-stranded sample cable in order to accurately model
its dynamic behavior.
The ﬂexural damping of the wire cable was measured by the free vibration test of a cantilevered cable seg-
ment as shown in Fig. 6. Similar to the static bending test, the cable was rigidly clamped to a bench vise at one
end. The cable was initially bent by a point load applied transversely at its free end. Then, the load was sud-
denly released and the cable was allowed to vibrate freely. The tension in the vibrating wire cable was zero.
The free vibration of the cable was captured using a high-speed digital camera at every 1/125 s. The camera
resolution was set to 480 · 420 pixels and the image data were processed by a computer. The measured beam
length on the image plane was 431 pixels. The cantilevered length of the cable is 300 mm. Thus, the image res-
olution is 300/431 = 0.70 mm/pixel. The error margin of the image measurement is ±0.5 pixels. Hence, the
accuracy of the experiment measurement is ±0.35 mm, which is suﬃcient. The experimental measurements
retrieved from the motion images are shown in Fig. 7a. Fig. 8 shows the measured time histories of the tip
displacements of the vibrating cable. The cable vibrated merely over one cycle. It indicates that the ﬂexural
damping resulting from the ﬂexural hysteresis of the zero cable is very high. The logarithmic decrement of
the vibrating cable is 2.56, which is equivalent to a critical ﬂexural damping ratio of 37.7%. The natural fre-
quency of the vibrating cable was measured as 5.3 Hz. It is approximately equal to the theoretical prediction of
5.6 Hz for the ﬁrst mode of the cantilever beam.
4. Finite element investigations
In order to investigate how to model the ﬂexural damping of the slacking wire cable using homogenized
Rayleigh damping, the ‘‘cantilevered’’ wire cable was modeled using four curved beam elements. The param-
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the dynamic characteristics of the vibrating wire cable experimentally. The lower bound frequency of the can-
tilevered wire cable is the ﬁrst mode of bending motion, such that f1 = 5.3 Hz or x1 = 33.3 Rad/s. The upper
bound frequency of the cantilevered cable in the ﬁnite element model is determined by the ﬁnite element dis-
cretization of the wire cable, which is the axial vibration mode of the element, such as f2 = 5587.4 Hz or
x2 = 35106.7 Rad/s. The corresponding modal damping ratio for the bending mode is measured from exper-
iment as n1 = 0.377 while the membrane damping mode is assumed as n2 = 0.002 as per Carrie (1980). By
substituting the above frequencies and damping ratios into Eq. (1), we obtain the Rayleigh damping coeﬃ-
cients to be a  25.1 and b  5.5 · 107 over the frequency range from 5.3 to 5587.4 Hz. Finally, the highest
mode in the discretized model results in a smallest modal period of 1.8 · 104 s. A stable time step needs to be
about one-tenth of the smallest period as per Bathe (1982). Thus, the time integration step was set to 2 · 105 s
for our ﬁnite element analysis.
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experimental measurements. The successive positions of the vibrating cable predicted by the ﬁnite element
analysis are depicted in Fig. 7b together with the experimental measurements. It shows that the ﬁnite element
predictions and the experimental measurements are in good agreement. Next, the predicted time histories of
the displacements of the cable free end are shown in Fig. 8 against the experimental ﬁndings. It can be seen
that the ﬁnite element results agree with the experimental data very well. The ﬁnite element results demon-
strate that the ﬂexural damping of slacking wire cables can be modeled eﬀectively and accurately with the Ray-
leigh damping.
5. Conclusion
In this paper, we investigated the ﬁnite element modeling of ﬂexural damping of slacking wire cables using
homogenized Rayleigh damping. The work is supported experimentally. The free vibration of a cantilevered
steel wire cable was used to measure the logarithmic decrement of the vibrating cable resulting from that ﬂex-
ural damping. The motion of the free vibrating cable was captured by high-speed imaging technology and ana-
lyzed by using photogrammetry to evaluate the ﬂexural damping coeﬃcient of slacking wire cables. The
experimental results reveal that the slacking wire cable is highly damped due to the ﬂexural hysteresis and
its ﬂexural damping coeﬃcient is measured as 37.7% of the critical damping. Further, the cable was modeled
and analyzed using nonlinear curved beam element and the Rayleigh damping. The ﬁnite element predictions
of the dynamic behavior of the cable agree well with the experimental measurements. The study demonstrates
that (i) the eﬀect of ﬂexural hysteresis is very signiﬁcant in the slacking wire cable and (ii) the commonly used
Rayleigh damping is capable of capturing the global dissipation observed in the slacking wire cable eﬀectively
and accurately.
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